The transmittance and density of states (DOS) of a quantum wire which is tunnel coupled to the underlying substrate are investigated theoretically using the retarded Green's function method. The wire is composed of periodically placed impurities with Coulomb interactions and is modeled by a tight-binding Hamiltonian within the mean-field approximation. For a given periodicity of impurities along the wire we observe energy gaps in the structure of DOS. These gaps disappear for a wire coupled with the substrate electrode with localized electrons which leads to a metal-insulator transition in the system. Our numerical studies reveal that the transmittance through the system strongly depends on whether or not the substrate electrons are localized.
Introduction
One-dimensional quantum systems have been one of the most interesting objects in modern condensed matter physics. The interest in quantum wires (QWs) and atomic chains was motivated by experiments in the mechanically controlled break junctions (MCBJ) geometry [1, 2] or on vicinal surfaces [3, 4] . MCBJ wires are rather short, they are freely suspended and somewhat unstable. More stable monatomic chains of atoms are fabricated on stepped surfaces, e.g., double-stranded gold wires grown on Si(335) or Si(557) surfaces. Such wires of metal atoms are the ultimate small conductors, they can be used to storage of information or in quantum memory and logic gates, thus their electronic properties are of crucial interest.
The electron transport of ideal or disturbed wires has been investigated both experimentally and theoretically (see [2] for review). Many new phenomena were found, such as conductance quantization in units of G 0 = 2e 2 /h or spin-charge separation (Luttinger liquid). In the presence of strong on-site Coulomb interactions a spontaneous spin polarization in QW can appear [5] , although in strictly one-dimensional wires the spin polarization is prohibited due to the Lieb-Mattis theorem [6] . It has been also predicted that the conductance of a wire depends on whether the number of atoms is even or odd, which is called even-odd conductance oscillation [1, [7] [8] [9] . These oscillations have been confirmed experimentally and larger periods of the conductance were found as well [10] [11] [12] . They are related with a resonance (Fabry-Perot like) of electrons with Fermi wavelength in the wire, which leads to different on-site filling factors (formation of charge waves inside a wire). Such charge waves were observed for both non-magnetic and magnetic wires. In the presence of a single impurity in the wire the structure of charge waves along the system is modified and the conductance generally decreases (depending on the impurity-wire connection) [13, 14] . These results were confirmed recently by means of the density-functional method, e.g. [15] . Also energy gaps in the spectral function of 1D systems (which are related to the metal-insulator transition) were studied theoretically for freely suspended wires or rings [5, [16] [17] [18] [19] and, e.g., the phase transition or spontaneous spin polarization were observed. Additionally, the conductance across a non-magnetic quantum wire in the presence of electron leakage to the substrate was investigated for various types of surfaces [20, 21] .
A particularly interesting example of one-dimensional structures on anisotropic crystals are Pb chains on Si(557) surface where a phase transition was observed at a critical temperature 78 K for optimal Pb coverage 1.31 ML [22, 23] . At that temperature the system switched from low-to high-conductance anisotropy with a semiconductor-insulator transition. This effect is very sensitive to Pb concentration as well as surface inhomogeneities and is connected with a refacetting structural transition together with electron localization and spin-orbit couplings [23] . A metal-insulator transition was also observed in photoemission spectroscopy (PES) experiments for 1D Au chains on Si(553) as well as for Si(557) [24, 25] . Note, however, that a microscopic four-point probe method did not confirm such a transition for Si(557)-Au surface [24] . Moreover, for Si(553)-Au surface, different transition temperatures have been measured-in a direct conductance experiment it was around 160 K, in PES 260 K while in scanning tunneling spectroscopy it was about 110 K [24, 26, 27] . It is expected that the defect density on samples is responsible for the different temperatures, which emphasizes the crucial role of the substrate and wire-substrate couplings in the electron transport along the wire. It is worth noting that the metal-insulator transmission was observed also for Si(111)-In [28] and Pt(110)-Br [29] .
In this work, we consider a regular quantum wire composed of periodically placed impurities (other atoms, defects, sites with Coulomb interactions). Additionally, the wire is tunnel coupled to the underlying substrate. Alternatively, the wire in our set-up can be composed of one atom species with surface-induced magnetic sites. Note that for realistic 1D systems some degree of periodic or random impurities is unavoidable. Nowadays, it is possible to create magnetism in non-magnetic 1D systems by manipulating atoms at the nanoscale [4] . For such systems on stepped surfaces a substrate unit cell often includes many wire atoms which are placed regularly in each cell but they can interact with different number of surface atoms [4, 30] (this modifies electron occupancies of these atoms). In consequence, for some of the wire sites the on-site Coulomb interactions can be more important than for other sites and thus in such systems energy gaps in the total density of states (TDOS) can appear. In particular, in this paper we study the influence of electron localization in the substrate on the transport properties along the wire and investigate the role of impurities (QW sites with Coulomb interactions) in the wire. Such impurity sites influence the wavefunctions of the wire electrons and may lead to energy gaps in the wire density of states (DOS). Our studies allows us to answer the following question: how do the wire-substrate couplings influence the energy gaps in the DOS structure (assuming localized or delocalized electrons in the substrate)? Then, next, is the substrate responsible for the phase transition effect in wires with impurities? These problems are very important in nano-electronics, especially in fabricating the thinnest possible electron conductors or nano-transistors. Thus this paper can be treated as a generalization of [5] or [20] on wires with periodically placed impurities interacting with different substrates. In our theoretical studies we use the retarded Figure 1 . Schematic view of a quantum wire consisting of N sites and coupled with the left (L), right (R) and surface (S) electron reservoirs. The wire is composed of interacting (impurity) and non-interacting atoms (green and gray balls, respectively). In the above sketch the periodicity of impurities is m = 2.
Green's function method and a tight-binding Hamiltonian within the mean-field approximation.
The paper is organized as follows. In section 2 we present the wire-substrate model and the theoretical formalism. In section 3 the structure of DOS is investigated for a wire on different surfaces. Two-terminal transmittance along the wire with impurities is discussed in section 4. The main conclusions are included in section 5.
Theoretical model and formalism
We consider a quantum wire connected to two metallic electrodes (L and R) as sketched in figure 1 . The wire may exchange electrons also with the substrate which represents a further electrode (electron reservoir). The chain is composed of non-interacting atomic sites and interacting ones (impurities), represented by gray and green balls in figure 1 . The model Hamiltonian for a wire with N atom sites and three electrodes can be written in the form H = H 0 + H tun + H w-s , where
describes electrons in all leads and in the wire with the Coulomb on-site interactions, U, at every m-site. The oper-
and a kα create and annihilate an electron at site i = 1, . . . , N, or in the leads, respectively, and n i = a † i a i . Electron transitions between the left and right electrodes and the wire are established by the tunnel Hamiltonian
It is worth mentioning that the above Hamiltonian (H 0 + H tun ) corresponds to the system with the break junction geometry of [1, 2, [9] [10] [11] . The tunnel matrix elements which appear in the Hamiltonian, V k , enter the expressions for the current only via the spectral densities
R, which we model within a wide-band approximation as energy independent. We assume that electron-electron interactions are captured within the mean-field (Hartree-Fock) approximation which allows us to simplify the many-body Hamiltonian to a single-particle one with the effective on-site energies ε iσ → ε iσ + Un i−σ = ε U iσ . The HF approach can be a reliable approximation as the Coulomb interaction in many quantum structures is small, thus non-interacting eigenstates of the quantum structure are related to those of small U. In the opposite limit, for large U, one can focus on a single Coulomb peak (if we are not interested in many-body complex effects like, e.g., the Kondo effect). Then both spin directions are independent of each other.
Electron leakage from the wire to the substrate (weakly coupled electrode) is described by the wire-surface tunneling Hamiltonian
where
is the tunnel matrix element for atom j, [31] . The phase factor i k R j reflects the position of site j on the surface. For equal distances between neighboring sites, a, and within the wide-band limit approximation the surface spectral density reads S ij = S sin(x)
x , where x = k F a|i−j|, k F is the substrate Fermi wavevector, and S stands for the effective leakage strength. Here we have assumed that only substrate electrons close to the Fermi surface play a role. Similarly to [20] we consider two limiting cases. (i) Model A, k F a 1. In this limit the spectral density is small unless i = j and thus S ij = S δ ij . This relation of the surface spectral density describes a substrate with a very short mean free path such as a semiconductor surface. This scheme corresponds to a model in which each wire site (or wire quantum dot) is coupled to an individual electrode. (ii) Model B. In the second limit, k F a 1, one can obtain site-independent spectral density S ij = S . Now the wire electrons tunnel to a delocalized substrate orbital (which holds for metallic surfaces).
In order to calculate the TDOS and the two-terminal transmittance we obtain the Green's function for the total Hamiltonian. In this paper we concentrate on the transmission from the left to the right leads, T LR , which can be found from the relation [32, 33] 
}, where nonzero elements of bothˆ matrices are (ˆ L ) 11 = L and (ˆ R ) NN = R . It leads to the final expression on the two-terminal transmittance function (for the Fermi energy) in the form
The appropriate elements of the retarded Green's function can be obtained from the relation G r 1N = (Â −1 ) 1N , where the matrixÂ is given by
The total density of states (TDOS) of the wire is determined by the relation TDOS = i ρ i (ε)/N where
, and cofÂ N ii denotes the algebraic complement of the matrixÂ N ii (cofactor). It is worth noting that in the absence of the wire-surface couplings, i.e. for S = 0, the matrixÂ ij =Â N becomes tri-diagonal. Thus its inverse can be computed analytically within the Chebyshev polynomial of the second kind [11, 20] . In particular, for regular wires with L = R = , V i = V and
, where A N 0 stands for A N matrix for = 0. The matrix determinant det A N 0 satisfies the following relation:
, where A N U=0 is A N matrix for = U = 0. The last term with U is related with the periodicity of impurities (summation over the impurity period) and is responsible for modification of the TDOS structure.
Results: total density of states
In our calculations we assume that the left and right leads couple equally strongly to the wire, yielding L = R = and the temperature T = 0 K. Moreover, we consider regular wires, thus the intra-wire tunnel matrix elements are position independent, V i = V. In the paper we are interested in the linear regime and thus all results are obtained for unbiased leads and the Fermi energy stands for the energy reference point E F = 0. Assuming the unit of energy, e.g. E unit = 1 eV, the inter-wire hopping is equal to 2 eV, and the couplings = 1 eV and U = 4 eV. Because the role of electron correlations is often overestimated in mean-field theories [5, 34] , in the paper we concentrate on paramagnetic solutions of the system, i.e. n iσ = n i−σ (occupancies of all wire sites do not depend on spin). Moreover, we assume that all leads are unpolarized and are not directly coupled to each other [36] .
Quantum wire isolated from the substrate
Before addressing the influence of a surface electrode, we study the DOS of a wire that couples only to the left and right electrodes, but not to the substrate (an insulator surface electrode is considered, S = 0). In particular, we focus on the influence of impurities (atoms with Coulomb interactions) in the wire. The presence of these sites modifies the wavefunctions of the wire electrons and, consequently, it may affect the overlap between the relevant wire states and the electrodes.
First we study the role of the Coulomb on-site correlations in the ideal wires (composed of one atom species) and disordered wires (with some magnetic atoms) between two electron leads. Thus in figure 2 we show the TDOS of a wire consisting of N = 50 sites with different Coulomb interactions, i.e. for U = 0 and 4 at all wire sites (upper panel) and U = 4 only at every second (third, fourth, fifth) site (bottom panel). Note that here we consider unbiased QW sites, i.e. ε i = ε 0 for all i. If there are no Coulomb interactions, U = 0, upper panel, the TDOS is characterized by N peaks (molecular states) with nonzero values in the range of (−2 V, +2 V), which is consistent with the structure of one-dimensional tight-binding systems. In the presence of U the total DOS is shifted towards higher energies but there are no energy gaps. The situation changes for wires with impurities (bottom panel) where the Coulomb interactions are important only for regularly chosen sites. Such a system with nonzero correlations at every mth site corresponds to, e.g., the atomic chain consisting of alternately placed non-magnetic and magnetic atoms, thus one can expect that energy gaps can appear. We corroborate this effect in figure 2, bottom panel, where for impurities placed at every second site in the wire, m = 2, (U = 0 for i = 1, 3, . . . and U = 4 for i = 2, 4, . . .) one observes a single energy gap in the middle of the spectrum. For m = 3 (i.e. U = 0 for i = 1, 2, 4, 5, . . . and U = 4 for i = 3, 6, . . .) two energy gaps appear and for m = 4 (m = 5) there are 3 (4) gaps in the TDOS structure, see also [4, 17, 18] . These energy gaps appear due to Coulomb-induced separation of the energy subbands related to the periodicity of impurities and can be understood in terms of the wire unit cell. For example, for m = 2 the unit cell is composed of two atoms, and is characterized by two DOS peaks (or molecular states), with one local dip between them. In the presence of U at one of these site, the peaks are 'more strongly' separated (but they do not split) which leads to a single energy gap for this system. For m = 3 the unit cell has three atoms and two dips between molecular states, thus two gaps are expected in this case, etc. Note that the structure of the wire TDOS for large (small) m is similar to the case of U = 0 (U = 4). Thus in one-dimensional unbiased atomic systems with periodically placed impurities one can generate energy gaps in the TDOS, which will be also reflected in the transmittance along the wire, see also [35] . The charge filling factor in quantum wire is crucial in conductance oscillation effects or formation of charge density waves along the wire [11, 35] . Now we investigate the role of occupations of the wire site in the system with periodically placed impurities. In figure 3 the structure of the wire TDOS is analyzed as a function of energy for a chain with impurities at every fourth site (m = 4) and for almost empty wire (upper panel), half-filled wire (middle panel) and almost fully occupied wire (bottom panel). For the wire on-site energies localized below the Fermi level (ε 0 = −4, bottom panel, solid curve) three energy gaps are clearly visible. Also for the wire filling factor equal to 0.5 (ε 0 = 0, middle panel) these gaps are observed (the same as in figure 2 for m = 4) but their widths are narrower than for the high-occupied wire. In the last case (low-occupied sites, ε 0 = 4, upper panel) the energy gaps in the TDOS do not appear. In this case the product of electron correlation and charge occupation Un iσ , which is related to impurities, is very small and the system behaves similarly to the case of U = 0.
In real one-dimensional systems impurities can be placed regularly in the wire but also, in many cases, random distribution can be realized. To analyze the effect of disordered wire on the TDOS structure in figure 3 we compare the results of periodically placed impurities (solid curves) with those obtained for 100 random distributions of impurities in the wire and averaged over the number of distributions (broken curves in all panels). The results are clear: for disordered systems the energy gaps disappear and this effect does not depend on the charge filling factor.
Quantum wire on a substrate
Next it is interesting to study how the wire-surface couplings influence the energy gaps in the DOS and the transmittance along the wire. This question is important for atomic chains on vicinal surfaces where, e.g., the phase transition was observed for a given substrate temperature, [22-25, 28, 29] . Note that the temperature strongly changes the carrier density, especially for semiconductor materials, which leads to different wire-surface couplings. One can expect that in the regime of low temperature the effective wire-surface coupling, S , should be larger than in the high-temperature regime (due to larger oscillations of atomic sites).
First, we consider the substrate in the limit of localized electron states, which corresponds to the case where each atomic site in the wire is coupled with a separate lead. The role of S parameter is shown in figure 4 for a wire consisting of N = 30 sites (upper panel) and N = 100 (bottom panel). Here at every third site in the wire, m = 3, the on-site Coulomb correlations are nonzero (there are impurities), thus one observes two energy gaps in the DOS structure with N peaks. These peaks are clearly visible for S = 0 (insulator surface) and N = 30 or 100. In the presence of the wire-surface couplings all peaks of the total DOS are spread out due to the additional substrate electrode which acts as N separate leads (each of them are coupled to an individual wire site). For relatively large S (thick curves in both panels) one observes only three smooth hills with nonzero values of DOS between them. This means that for the substrate with localized electrons the energy gaps disappear with the wire-substrate coupling which is related to the metal-insulator transition in the system. It is interesting that in this case the structure of DOS is almost the same for short and large wire lengths (compare both thick solid lines) as the unit cell does not depend on N.
Next it is interesting to study the role of the substrate with delocalized electrons on the wire DOS. In figure 5 we show the TDOS for the wire-substrate system with nonzero couplings S for N = 30 and for the same on-site energies, ε 0 = 0 (upper panel), as well as for small external electric field along the wire which is responsible for the energy drop of these energies with the value of ε i − ε i+1 = ε = 0.04 (bottom panel). Here we analyze only one energy gap in the total DOS (around ε = −0.8, see also the broken curve in the upper panel in figure 4 ). As one can see, for ε = 0 and nonzero S (upper panel) the energy gap survives and becomes somewhat wider (one DOS peak almost disappears). Additionally, DOS peaks do not spread out for large S (an electron which tunnels from a given wire site to the substrate is lost for that site) and thus the structure of the total DOS is similar for S = 0 and for nonzero S . In the presence of the potential drop, ε = 0.04 (bottom panel), the wire spectrum is wider with the band beyond (−2 V, +2 V) regime due to different on-site energies, ε 1 = 0, . . . , ε 30 = −1.16. In this case the DOS peaks are more separated in comparison with ε = 0 and they appear regularly on the energy scale (no gaps are observed). In the presence of the substrate some of the DOS peaks decrease, which can lead to surface-induced energy gaps in the case of biased wire sites.
Transmittance along the wire
In our further studies we concentrate on the twoterminal transmittance through the wire-surface system. The transmittance of a quantum wire is governed by the electron wavefunctions at the Fermi surface and is related to the TDOS of the system [11, 35] . In the presence of the Coulomb interactions, U, at periodically chosen wire sites we have observed energy gaps in the TDOS. To study the role of U on the electron transport we show in figure 6 the relative transmittance (two-terminal transmission function T LR along the wire in relation to the transmittance T 0 LR obtained for the wire without impurities i.e. for U = 0) as a function of U for the substrate with localized electrons (model A, upper panel) and delocalized electrons (model B, bottom panel) and for m = 3. The wire on-site electron energies lie at the Fermi level, ε 0 = 0, in the middle of the wire spectrum. Thus the total DOS is characterized by a finite nonzero value for the Fermi energy, see figure 2, upper panel for ε = 0. In the presence of U the DOS peaks change their positions in the energy scale (figure 2, bottom panel) and some of them cross the Fermi energy. This leads to the transmittance oscillations as a function of the Coulomb interaction (figure 6, both Figure 7 . The same as in figure 6 but for the wire on-site energies from the energy gap regime, i.e. ε 0 = 0.9. panels). The transmittance peaks (dips) are related to peaks (dips) of the wire TDOS at the Fermi level. It is interesting that for the substrate with delocalized electrons (figure 6, bottom panel) the transmittance between the left and right leads almost does not change with the wire-substrate couplings.
Here an electron from the surface can appear at every wire site with the same probability which does not change drastically the transmittance values. Note that in this case the TDOS structure for S = 0 slightly differs in comparison with the case of nonzero S , figure 5. This situation changes for a wire on a surface with localized electrons (figure 6, upper panel). In this case an electron which left from the wire site to the surface can return only to the same wire site (the probability of it appearing on other wire sites is zero)-this leads to smaller transmission function along the wire. As a result the transmittance peaks decrease with the strength of the wire-surface coupling, S , and for larger S the transmittance between the left and right electrodes slightly depends on U because in this case the total DOS peaks are completely spread out.
In the last studies of this paper we check whether the above conclusions are satisfied also for other ε 0 , in particular for the wire on-site energies corresponding to the energy gap regime, e.g. for ε 0 = 0.9 (in this case the energy gap which is observed around ε = −0.9 appears at the Fermi level, see figure 4 ). The results are depicted in figure 7 for both considered models of the substrate. As one can see, there are essential differences in T LR /T 0 LR function in comparison with the case shown in figure 6 . Firstly, for both considered surfaces the transmittance between the left and right leads decreases monotonically with U (there are no oscillations). Note that the slowest decrease of the transmittance is observed for the surface with localized electrons and for strong wire-surface coupling (thick line, model A). This means that for a given U the transmission function increases with the wire-surface coupling, S . In this case the energy gaps in the TDOS disappear with S (see also figure 4) . Secondly, the decrease of the transmittance for the surface with delocalized electrons does not depend on the wire-surface coupling (model B, all curves have almost the same dependence of U, see also figure 6, panel B) . Note the very fast decrease of the transmission function with U in this case.
The above results show that the transmittance through the wire with periodically placed impurities strongly depends on the wire-surface coupling. In particular, electron localization in the substrate plays a crucial role in the transmittance between the left and right leads (we have found oscillatory behavior of T LR as a function of U for model B or almost U-independent behavior of T LR for model A). Note also the importance of the wire on-site energy levels, ε 0 , which shift the wire TDOS at the energy scale, and thus they are responsible for energy gaps appearing at the Fermi level.
Conclusions
Using the Green's function method together with the tight-binding Hamiltonian, we have studied DOS and the transmittance of a quantum wire on a surface. The wire was composed of interacting and non-interacting atomic sites (wire with impurities) and electron leakage from the wire to various types of substrates with delocalized and localized electrons was considered.
It was shown that for a wire with periodically placed impurities a number of energy gaps in the DOS structure are observed. These gaps strongly depend on distribution (periodicity) of impurities along the wire and for disordered systems the energy gaps disappear. As a main feature we have found that for a substrate with localized electrons all energy gaps disappear with the wire-substrate coupling which is a signature of a metal-insulator transition. However, for the substrate with delocalized electrons the energy gaps survive. In general, in the presence of the wire-substrate couplings, S , and for localized orbitals in the substrate the transmittance between the left and right leads (along the wire) decreases (for such value of ε 0 that there is no energy gap at the Fermi level) or increases (if there is an energy gap in TDOS at the Fermi energy). For delocalized electrons in the substrate two-terminal transmittance almost does not change with S .
